A number of thermal exposures were undertaken to determine the effect oxidation has on the fatigue lives of the nickel-based superalloy RR1000. The thermal exposures initially caused a considerable reduction in the fatigue lives with increasing oxidation. However, the longest exposure time resulted in an S-N curve that lay between the shortest and mid length exposure. A range of analyses were undertaken to determine the presence of any mechanisms that could have caused this unexpected life increase; vacuum thermal exposures, small punch tensile, nanoindentation, microscopy and transmission Kikuchi diffraction. It was found that few of the mechanisms investigated were likely to have an effect on the change in life with the exceptions being; reduction in dislocation movement and crack deflection as a result of a recrystallised zone at the surface, variation in hardness of different regions due to a γ′ depleted plastic zone and a hard ceramic oxide, and reduced initiations due to the presence of a 'healing' chromium oxide scale. Notch fatigue tests were performed to determine the importance of the findings to components in service and it was found that the notch acted as the cause of crack initiation, effectively mitigating against the effects of the oxidation damage.
H I G H L I G H T S
• 1 μm and 3 μm thermal exposures caused decreased fatigue life. • 5 μm thermal exposure caused life improvement compared to 3 μm. • Tertiary γ' growth, γ' depletion, recrystallised grains and decreased surface roughness may cause the improved life. • Oxidation of notched fatigue specimens has reduced effect in reducing the fatigue life compared to plain specimens. a b s t r a c t a r t i c l e i n f o
G R A P H I C A L A B S T R A C T

Introduction
Environmental degradation is a key element which affects the performance of mechanical components in an aero-engine, particularly those that operate in the high temperature oxidising environments of Materials and Design 189 (2020) 108529 the high pressure turbine (HPT) section. Furthermore, oxidation is becoming increasingly important as the operating temperatures within the aero-engine are increasing in order to improve fuel efficiency, reduce the production of harmful emissions, and subsequently pushing the materials towards the edge of their operating window.
Nickel-based superalloys have been optimised to operate in these harsh, high temperature and high pressure environments, through both compositional and microstructural optimisation. It has previously been found that when these nickel-based superalloys oxidise, a chromium oxide scale is formed at the surface creating a thin layer with rutile (titanium oxide) nodules on the outer surface, along with subsurface aluminium oxide in the form of intergranular 'fingers' and intragranular 'islands' [1] [2] [3] [4] [5] [6] [7] . Deeper into the substrate material a weaker γ′ (nominally Ni 3 (Al, Ti)) depleted zone is present due to the migration of elements to form the aluminium and titanium oxides [2] [3] [4] 7] . The final damage that will occur into the specimen is deeper grain boundary carbide depletion, which is the result of chromium migration from the grain boundary, MC and M 23 C 6 carbides, to form the surface oxide scale [8] [9] [10] .
Previous studies have found that cyclic loading commonly leads to a decrease in fatigue life in the nickel superalloys LSHR and ME3 [7, 11] , and fatigue loading was found to increase the rate of oxidation in coarse grain RR1000 and an unnamed powder nickel based superalloy [6, 12, 13] . It is the aim of this study to understand how oxidation affects the fatigue performance of the alloy. A range of thermal exposures have been chosen to provide a wide range of outcomes. It has previously been found that oxidation has a large effect on the fatigue lives of nickelbased superalloys, most notably during the crack initiation stage [3, 6, 12, 14, 15] . Three different exposures were defined and a range of load controlled fatigue tests were performed to investigate how they affect fatigue life.
Given advances in technologies and the wider availability of more complex analysis methods, it is possible to investigate the comprehensively studied fatigue properties of these materials in novel ways. The current paper seeks to undertake this through higher magnification imaging using field emission gun scanning electron microscopy (FEG SEM) and scanning transmission electron microscopy (STEM), nanoindentation and testing approaches such as Small Punch Tensile (SPT) allowing for a broad ranging study.
Experimental method
The material considered throughout the investigation is fine grain RR1000, the composition of which is shown in Table 1 .
It is a polycrystalline powder metallurgy nickel-based superalloy with a typical grain size of 4-11 μm [16] , which includes a tri-modal γ′ phase with a volume fraction of 45%. The alloy is strengthened through the precipitation the secondary and tertiary γ′ phases (Ni 3 (Al, Ti, Ta) from the FCC γ matrix; secondary γ′ is between 50 nm and 500 nm in diameter and tertiary γ′ is under 50 nm, with an average of 15 nm in diameter. All fatigue specimens were shot peened under representative in service conditions, i.e. 110H, 6-8A and 200% (hardness of the shot, peening intensity and shot coverage).
A series of fatigue tests were conducted in a laboratory environment on shot peened cylindrical bar plain fatigue specimens that had undergone a range of thermal exposures to produce specific oxide depths of 1 μm, 3 μm and 5 μm according to the following thermal exposures: 1 μm exposure for 72 h at 700°C, 3 μm exposure for 211 h at 740°C and 5 μm exposure for 310 h at 762°C, were performed in a standard desktop furnace. These different temperatures were used in order to produce oxide depths within reasonable timeframes. Load controlled fatigue testing was then performed at 700°C at a range of stresses to generate S-N curves and data from these tests compared to existing data for as received specimens to provide a base line.
Following on from these tests a series of thermal exposures were performed on a number of plain fatigue specimens in a vacuum furnace, according to the 1 μm exposure, 3 μm exposure and 5 μm exposure thermal profiles in order to discount any effects of the heat treatments on material evolution in the substrate. Fatigue tests for each thermal exposure condition were then performed according to the same test standard as the initial investigations but with all tests performed at 1050 MPa.
Subsequently, the testing method of small punch tensile (SPT) was utilised to determine if there was any change in mechanical properties as a result of microstructural evolution. Testing was performed on 8 mm diameter × 500 μm thick disks taken from 4 rods of the alloy, three of which had undergone the range of thermal exposures. Tests were performed in accordance with the European Code of Practice for Small Punch [17] . The advantage of SPT for this instance is the fact that all the oxidised surfaces of the disc would be in the clamped area of the test setup, and therefore, would in no way influence the output data.
The nanoindentation method of accelerated property mapping (XPM) using a Berkovich indenter was employed in this study to analyse the changes in the hardness and ductility of the oxide products and also the subsurface regions affected by the oxidation process. For correlation purposes with the nanoindentation, ambient temperature micro hardness analysis using the Vickers Hardness method was also performed applying 1 kgf for a dwell of 10 s.
A final set of fatigue tests were then performed on notched fatigue specimens, which were flat double notched specimens at 2 different stress concentration factors, 1.55 Kt and 2.29 Kt. A number of the specimens were tested in the as received condition, and these were compared to specimens that were exposed according to the 3 μm exposure. LCF tests were undertaken following the same test standard as the plain fatigue specimens and data from these tests was compared to existing data for similar notch geometries.
Following fatigue testing, micrographs were produced using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to investigate any features of note. Also used for the analysis was an Alicona Infinite Focus profilometer, in order to establish the surface roughness values (S a ) of the specimens using the standard ISO 25178. S a is an extension of R a , the more commonly used linear surface roughness measurement, using areal measurements. This is seen as being a more accurate measure of surface roughness as it works on 3D rather than 2D information and is less likely to miss or conversely be influenced by anomalies within an investigated surface.
Results and discussion
Specimens were pre-exposed to the different damage depths as can be seen in Fig. 1 , with the typical chemical composition of the oxidised region shown in Fig. 2 .
Cyclic endurance lives of the specimens pre-exposed in the laboratory environment were compared to as received fatigue data shown in Fig. 3 . It was observed that overall, the thermal exposures reduced the fatigue lives compared to that of the as received specimens, which was as expected [6, 13] and the life initially reduced for the 1 μm Exposure specimens by over 90%, with a further drop to the 3 μm Exposure specimens. However, it is shown that the 5 μm Exposure specimens outperformed the 3 μm exposure specimens, providing lives between those of the 1 μm Exposure and the 3 μm Exposure specimens. It would ordinarily be expected that the oxidation damage would lead to a decrease in the number of cycles to crack initiation, as is shown to be the case from the 1 μm exposure compared to the 3 μm exposure and 5 μm exposure heat treatments. Following on from this, investigations were undertaken based on the premise that the life improvement was a result of a secondary, complementary mechanism occurring during the crack propagation or initiation stages. A number of potential causes have been investigated to determine the source of the unexpected result.
In order to determine the contribution to the fatigue life of initiation and propagation, and therefore where the focus of the investigation should be, an effective initial flaw size (EIFS) numerical analysis was performed, utilising existing fatigue crack propagation data and initial flaw sizes equal to the oxide damage depths equal to the combined chromium oxide and aluminium oxide as can be seen in Fig. 1 for each damage level. The equation used for the analysis is shown in Eq. (1) .
The result of the analysis can be seen in Table 2 .
As can be seen, the predicted contribution of the initiation stage to the overall life accounts for the majority of the fatigue cycles. This suggests that the mechanism resulting in life increase for the 5 μm exposure specimens will most likely occur during initiation. However, it can be seen that the percentage predicted propagation life for all damage stages increases for the longer thermal exposures. However, given that these findings indicate propagation to be a relatively small fraction of the total life, it is suggested that the effect of oxidation on initiation plays the more dominant role.
SPT tests were performed on specimens that had undergone the thermal exposures to determine if there were any changes to the bulk mechanical properties of the material, whilst removing the effects of the surface from the tested region. SPT was also ideal for this investigation, as it is a useful material properties ranking tool, and only small amounts of material are required to produce specimens. Four cylindrical rods were electrical discharge machined (EDM'd) from a block of the alloy, three of which were heat treated according to the thermal exposures with the final rod left in an AR condition. The small punch specimens were then cut from the rods. It can be seen that there is some variation in the mechanical properties of the alloy under SPT testing as shown by Fig. 4 . However, the tests AR1 and AR2 represent the bounds in scatter from a range of SPT tests on the same batch of material. In these extreme cases variation may be due to a compliance issue in the test at low loads or indenter wear, but encouragingly similar gradients of the curves as the load increases and near identical UTS are found.
To assess the microstructure, an investigation into the evolution of the small tertiary gamma prime (γ′) precipitates was then completed. As mentioned previously, the alloy contains a high percentage of the γ′ phase, and secondary and tertiary γ′ act to impede the movement of dislocations and retard fatigue crack growth, improving both the initiation and propagation resistance of an alloy. It has been shown that at elevated temperatures the small tertiary γ′ within the gamma matrix will coarsen or diffuse into the matrix, and upon cooling reprecipitate as a very fine tertiary γ′ [18, 19] ; it has long been known that precipitate size has an effect on the fatigue crack growth rates of a material [20, 21] . Two methods were employed to investigate this hypothesis; fatigue tests following vacuum furnace exposures and tertiary γ′ size measurement predictions from a Rolls-Royce plc. model. The values were calculated using a tertiary γ′ size predictive model based on the Ostwald ripening process. The model is populated with a large database of tertiary γ′ sizes at a range of times and temperature measured from TEM micrographs, an example of which can be seen in Fig. 5 .
In order to assess the role of tertiary γ′ on fatigue life, tests were performed following thermal exposure using a vacuum furnace according to the prior thermal exposure regimes. It was believed that by using a vacuum furnace, it would be possible to produce the microstructural changes within the bulk of the specimen whilst minimising the formation of the oxides, therefore isolating the effects of microstructural changes from the oxide damage accumulation. Had there been any discernible change in the morphology of the tertiary γ′ it would be expected that the fatigue lives of the vacuum furnace exposed specimens should have longer lives than the as received specimens, and that the specimens that underwent longer thermal exposures i.e. vacuum 5 μm exposure, should have the longest lives. It was found following testing that the fatigue lives of the vacuum thermal exposure specimens were statistically indistinguishable from the initial as received specimen tests as is shown by the vacuum test values presented in Fig. 3 . However, this does not address the potential that there is an unknown interaction between the coarsened or very fine tertiary γ′ and the oxide layers, meaning that the results from this line of testing are inconclusive.
To address this ambiguous finding, the Rolls Royce plc. model described above was utilised. It was found that over the heat treatments the average size went from 15 nm in the as received, to 16 nm at 1 μm exposure, 30 nm at 3 μm exposure and 44 nm for the 5 μm exposure. These changes in the tertiary γ′ size are likely to have affected the creep response the alloy, potentially affecting the fatigue life of the specimens [22, 23] . Furthermore, in the case of these load control tests, conducted at stresses near to the yield point of the material, it is also possible that microstructural changes may have altered the yield stress of the material, resulting in reduced plastic strain on loading, and hence increasing fatigue life.
Further investigation were undertaken as a result of the work by Elber [24, 25] , which suggests that an increase in the plasticity of a material, can lead to a decrease in the rate of fatigue crack growth due to the mechanism of plasticity-induced crack closure [26] . It is understood that the γ′ depleted zone of the alloy after oxidation will have increased ductility, leading to an increase in the plasticity of the region and that this would result in an increase in the effect of plasticity-induced crack closure and therefore an increase in fatigue life. Plasticity induced crack closure may produce a reduction in the effective stress intensity range during crack growth, hence lowering crack growth rate and increasing fatigue life. However, as this is a crack propagation mechanism, this may not have a significant contribution on the overall fatigue life, based on the EIFS calculations. In order to investigate the existence of this plastic zone, XPM was undertaken in the oxidation region, the benefits of which were explained by Hintsala et al. [27] .
It is difficult to assign a specific mechanism which results in the increase in fatigue life of the 5 μm exposure specimens, compared with 3 μm exposures. However, the interaction between the alumina fingers and the γ′ depleted zone may play a significant role. As is apparent in Fig. 6 , there is a dramatic change in the hardness values between the ceramic oxides at the surface and the γ′ depleted zone with the base material hardness values sitting between these two extremes. The γ′ depleted zone was found to be deeper for longer thermal exposures. It is therefore possible that the reduced hardness of this γ′ depleted zone acts to reduce the effectiveness of the crack initiation mechanism from the alumina fingers, hence increasing the fatigue life.
In order to provide meaningful data to the engineering community at large it is important to relate the results from the XPM to a more common method. It is possible to approximate the H v values from the XPM output using Eq. (2).
Hardness Vickers Â 0:009807 ≈ Hardness GPa ð Þ ð2Þ
The data from the hardness tests is shown in Table 3 and the nanoindentation values are taken from the colour contour brackets on the XPM legend. The formula output represents the values calculated from Eq. (1) and microhardness tests which were performed on the areas that were able to be tested using the microhardness tester in order to validate the equation. As can be seen by the comparison between the Eq. (1) output and the microhardness values, there is a reasonable correlation, although it should not be relied upon too heavily. Another area of interest is the presence of a very fine grain recrystallised (Rx) region below the surface oxide scale [28, 29] . It has been found that heat treatments following a plastic deformation process during manufacturing such as shot peening, can lead to this recrystallisation [30, 31] in certain materials. This can result in beneficial effects for both the initiation and propagation stages. Firstly, the smaller grains would act to impede dislocation movement, reducing the chance of dislocation pileup at areas likely to lead to crack initiation of the oxidised specimen i.e. component surface. Secondly, the fatigue improvement effects on crack propagation stage would be the fatigue crack deflection mechanism as explained by Suresh [32, 33] , which would occur in this Rx zone due to the high volume of grains compared to the substrate material. The non-linearity of crack path caused by the increased grain boundary network would decrease the crack growth rate compared the substrate alloy; this effect would likely be minimal however, given the small grain size causing only minor crack deviations. For longer oxidation exposures, the Rx zone will increase in depth and it is therefore hypothesised that, similar to the γ′ depleted plastic zone, 5 μm exposures will have a greater benefit from this crack retardation compared to the other thermal exposures. Transmission Kikuchi Diffraction (TKD), also known as transmission Electron Backscatter Diffraction (t-EBSD) mapping was conducted to determine if the fine grain recrystallised layer was visible, the results of which are shown in Fig. 7 .
The reason for the low indexing of the TKD scan is because the grains are so small that there is interaction between multiple grains through the thickness of the foil, giving overlapping Kikuchi bands, meaning there is not a clear pattern for the system to resolve. The data is however useful, as it is possible to see that there are grains in the partially γ′ depleted zone that are clearly smaller than the 4-11 μm prior grain size. It would appear that within the partially γ′ depleted zone there are a number of sub-micron grains or structures, that are smaller than the base superalloy grain structure. To support the TKD, high magnification TEM imaging was undertaken in this region, in order to more clearly display these small grains/ structures. It can be seen from Fig. 8(a) that there is a very fine grain structure in the partially γ′ recrystallised zone. Fig. 8(b) shows a SAD pattern from the circled area shown in Fig. 8(a) , this area is polycrystalline with a strong texture (e.g. {011} 〈211〉 brass texture). The formation of surface oxides will produce strain subsurface of the alloy, which promotes deformation of the subsurface via dislocation slip and/or twinning. When the deformation is large enough, it may lead to the formation of new grains with a smaller size. If those refined grains were evolved from a prior grain and not completely recrystallised, the grains would show a strong texture which is related to the prior grain.
Fatigue crack initiation from surface sites has been found to be strongly linked to surface condition, and surface initiations were the primary initiation sites for the thermal exposure specimens, as can be seen in Fig. 9 . Therefore the understanding of the effect of the thermal exposures on the peened surface must be implicit.
The specimens were peened prior to their thermal exposures and it has been found for a range of superalloys that time at temperature acts to remove or partly reduce the beneficial residual stresses imparted on the alloy by shot peening [5, [34] [35] [36] . The thermal exposures in this study are all longer than those found in the work performed by Khadhraoui et al. [34] , Foss et al. [5] and Kim et al. [35] , suggesting that the residual stress relaxation will have reached a stable point. If any beneficial residual stresses remained in the specimens the act of thermomechanical loading could reduce or remove any remainder [36] [37] [38] [39] [40] . However, shot peening can contribute to fatigue life in a more complex manner, even if residual stress does not have a marked effect, as a great deal of damage is being done to the shot peened surface, creating numerous potential crack initiation sites. Using a profilometer, it was hoped to improve the understanding of the effect the oxide scale growth has on the surface roughness. If the chromium oxide scale would act to 'heal' the surface this may act to reduce the crack initiation rates by decreasing the effective K t value of the specimen surface. An example of a profilometer map that was used to calculate the S a surface roughness value can be seen in Fig. 10 . The S a values calculated from the Alicona profilometer data according to ISO 25178, accurate to 3 decimal places can be seen in Table 4 .
As can be seen, the increased oxidation will act to reduce the surface roughness, supporting the hypothesis and the decrease in the S a may link to the increased fatigue life of the 5 μm exposure specimens. However, the reduction in surface roughness corresponds directly to the length of the thermal exposure, suggesting that if an improvement were to occur as a result of the surface condition it would occur for all the thermal exposure conditions to some extent. It therefore appears that of all the option explored here, the coarsening of the γ′ is the most likely mechanism to have affected the fatigue lives of the 5 μm specimens. The extended heat treatment applied allows enough time for microstructural evolution, which may have affected the creep response, or overall strength of the alloy, causing the increased fatigue life.
When considering the industrial significance of the data it must be considered that service components will rarely, if ever, have geometries similar to plain specimens. As such, a number of notch fatigue tests were performed to more accurately replicate service conditions. The graph in Fig. 11 shows the S-N data from these tests. The 3 μm thermal exposure was used on these specimens as it previously showed the greatest life debit, and it was hoped this would give the greatest contrast to the AR specimens.
As can be seen, when compared to the dramatic life decrease experienced by the plain specimens due to the 3 μm exposure, the difference in life between the AR and the 3 μm exposure notched specimens for both the shallow and deeper notches are very modest. The life reduction experienced by the shallower notch was more remarkable than that of the deeper notched specimens. However, both are negligible in comparison to the large debit shown from plain fatigue testing. This suggests that the fatigue lives of the specimens at these stresses and temperature are based primarily on crack initiation rather than propagation. It is therefore suggested that in the case of the notched specimens, the notch is the cause of the initiation, and there is a more extended period of crack propagation, whereas for the heat treated plain specimens the oxide was the main initiation point and subsequent crack propagation formed only a small part of the overall specimen life, as shown by the EIS calculations. In the notched specimens, the stress raiser acts to override the effect of the extra damage imparted on the specimen by the oxide damage, making it less of a factor in the resulting crack initiation and by extension its overall fatigue life. i. Initial fatigue tests following vacuum thermal exposures showed no improvement compared to as received specimens, however other factors may contribute. ii. Predictive values showed a dramatic increase in the size of the tertiary γ′ as a result of the range of thermal exposures, leading to alterations in the mechanical properties of the alloy in terms of creep and potentially yield stress.
Conclusions
c. XPM nanoindentation showed evidence of significant differences in hardness between the oxide layer, the base material and the Rx (γ′ depleted) zone. The interaction of these zones may contribute to variations in crack initiation. d. Recrystallised grains were found near the surface possibly leading to improved fatigue lives due to dislocation movement reduction and fatigue crack deflection mechanism. e. The surface roughness decreases with increasing length of thermal exposure and it is hypothesised that this is due to the effect of the chromium oxide scale 'healing' the peened surface. The extent to which this would affect the crack initiation rates is unclear.
(3) It is likely that a combination of factors contributes to the increase in fatigue life of the 5 μm exposure specimens, including the reduction of dislocation movement rates, Rx crack deflection, interaction of different hardness zones and surface roughness reductions. (4) For the notched fatigue specimens, the effect of oxide damage on fatigue life was considerably reduced compared to that of the plain specimens.
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